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Abstract

Copper surfaces exhibit high catalytic selectivity but have poor hydrogen dissocia-
tion kinetics, so we consider icosahedral Cuys nanoclusters to understand how nanoscale
structure might improve catalytic prospects. We find that the spin state is a surpris-
ingly import design consideration. Cuys clusters have large magnetic moments due to
finite size and symmetry effects and exhibit magnetization-dependent catalytic behav-
ior. The most favorable transition state for hydrogen dissociation has a lower activation
energy than on single-crystal copper surfaces, but requires a magnetization switch from
5 up to 3 up. Without this switch the activation energy is higher than on single-crystal
surfaces. Weak spin-orbit coupling hinders this switch, decreasing the kinetic rate of
hydrogen dissociation by a factor of 16. We consider strategies to facilitate magnetiza-
tion switches through optical excitations, substitution, charge states, and co-catalysts;
these considerations demonstrate how control of magnetic properties could improve

catalytic performance.
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Transition metal catalysts are ubiquitous in industrial applications of heterogeneous
catalysis. Their wide-ranging applications, from catalytic cracking to highly selective hy-
drogenation, are derived from the large variety of electronic properties across the periodic
table. These intrinsic properties are further modified through structural and compositional
changes induced by alloying, oxidation, surface structure modification, metal-support inter-
actions, and promotors, providing enormous flexibility in catalytic design. In recent years,
progress in nanotechnology has introduced the nanocluster size and geometry as new cata-
lyst design parameters.® As the nanocluster diameter approaches 1 nm and below, finite size
effects can become especially pronounced and produce surprising effects like a discontinuous
change in catalytic activity upon the addition of a single atom.?*? Here, we show that finite
size effects can give rise to a significant magnetic moment in a Cu nanocluster leading to
magnetization-dependent reactivity; this dependence on magnetization could be a path to
magnetic control of catalytic activity.

We focus on selective hydrogenation on Cu, which is non-magnetic in its bulk form. The
reason for our choice is that the surfaces of bulk Cu exhibit high selectivity for industrially
important reactions, but they require elevated temperatures and pressures to compensate
for their poor H, dissociation kinetics.*® While improvements have been proposed for bulk
surfaces, such as the use of dilute alloys,® the possibility of using Cu nanoclusters has been
less explored. Previous surveys of gas phase cluster reactivity®” investigated D, interactions
with small Cu nanoclusters but found no evidence of dissociative chemisorption at temper-
atures near 300 K and effective D, pressures below 50 Torr. Gas phase cluster reactivity
exhibits mechanism-dependent temperature and pressure effects,® however, so different ex-
perimental conditions might yield measureable activity. We return to these pressure and
temperature considerations later in light of our results.

We investigated Hy dissociation on an icosahedral nanocluster of Cu using first-principles
density functional theory (DFT) calculations with the SIESTA® code (see SI for details).

Early studies using empirical interatomic potentials found icosahedral geometries to be most



stable, but more recent work using first-principles quantum chemistry methods predict dis-
ordered minimum-energy geometries for Cuy3 and other 13-atom fcc metal clusters. %1% Nev-
ertheless, icosahedral Cus can be synthesized in solution using synchrotron radiolysis. !
Electrochemical Cu;s synthesis has also been reported,'? with sizes consistent with an icosa-
hedral geometry, but the structure could not be determined precisely. More importantly,
the 3-fold hollow sites of icosahedral Cuy3 are locally identical to hep hollow sites on the
well-studied bulk Cu(111) surface; this similarity in structural features can reveal finite size
effects with greater clarity.

Icosahedral Cu;s nanoclusters have a significantly different electronic structure than
Cu(111) surfaces. Quantum size effects produce discrete energy levels while the icosahedral
symmetry yields 5-fold degeneracies in both spin directions to produce 10 total valence states.
The five valence electrons of Cuys then follow Hund’s rule to fully occupy the five majority-
spin states and leave the minority-spin states unoccupied. The result is a large ground-state
magnetization of 5 up, as noted previously, '* and an exchange splitting of 0.47 eV, as shown
in Figure 1. Other 13-atom metal nanoclusters, either of icosahedral shape or with different
structure, are also predicted to have significant magnetization, including Ni;3, Agiz, and
Auys. 101314 This appears to be a general trend in nanoclusters, where the discrete densities
of states combine with symmetry-induced multiple degeneracy to produce net magnetization
through exchange splitting. 4

In contrast to bulk Cu and other transition metal surfaces, Hy molecules can adsorb
weakly on Cuys intact. There are two nearly isoenergetic geometries: one with a net magne-
tization of 5 up and H-Cu bonds of length 1.90 A, and another with 3 ug and H-Cu bonds
of length 1.73 A. The geometries are qualitatively similar, with the H-H bond axis centered
above an apex Cu atom. The geometry with shorter bonds, shown in Figure 2, is marginally
more stable with total energy lower by 0.04 eV. Qualitatively similar changes in magneti-
zation upon exposure to hydrogen have been experimentally observed for thin films!® and

nanoislands. ! The magnetization reduction in Cu;z is caused by the shorter H-Cu bonds
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Figure 1: Spin-resolved projected density of states near the Fermi level of the icosahedral
Cuy3 nanocluster for the majority (up, red) and the minority (down, blue) spin components.
Contributions from different orbitals are identified for both spin directions.

Energy (eV)

-03 -015 0 0.15 0.3
X5 X9
ol R o*

Figure 2: Illustration of how H-Cu hybridization drives the magnetization switch. Structural
figures show the clean cluster (left, purple box) and the one with Hy adsorbed (right, green

box).



and increased hybridization with Cu orbitals, which pushes the energy of the antibonding
majority-spin state above that of the bonding minority-spin state. The mechansim is illus-
trated in Figure 2, the inversion of spin states produces the observed magnetization change
by —2 ug. Despite its greater stability, the lower magnetization geometry only has a weak ad-
sorption energy of 0.09 eV, such that H, dissociation will most likely proceed from molecular
collisions with Cuy3 rather than thermal activation. The same is true of bulk Cu surfaces.!”

The initial magnetization of 5 ug for isolated Cuys differs from the magnetization of 3 ug
for the Hy /Cuy3 complex, but the weak spin-orbit coupling of both H and Cu means that the
magnetization switch required for adiabatic dissociation may not actually take place. We
therefore obtain transition states and reaction pathways for a fixed magnetization state of
3 up and 5 up separately. Figure 3 shows the minimum-energy pathway for Hy dissociation:
H, first slides parallel to a Cu—Cu bridge (green to white), followed by bond cleavage and
relaxation to the nearest local minimum (white to purple). The dissociated final state has
one H atom at a hollow site and the other adsorbed at a Cu-Cu bridge site, the second-
nearest bridge for the low magnetization structure and the third-nearest bridge for the high
magnetization structure. In contrast to the smooth minimum-energy pathway on the Cu(111)
surface, the minimum-energy pathways on Cuy3 for both magnetization states have two major
high-curvature regions: one for the right-most H atom at the point of Hy dissociation, and
another for the left-most H atom during the subsequent descent to the final state.

The activation energy for Hy dissociation is quite different in the two magnetization
states: 0.20 eV in the low magnetization state and 0.67 eV in the high magnetization state.
This dependence on magnetization is caused by increasingly large bonding-antibonding split-
ting along the minimum-energy pathway. In the adiabatic case, which involves a switch in
magnetization from 5 pg to 3 up, the high-energy antibonding state becomes unoccupied in
favor of the lower-energy bonding state of opposite spin. The resulting activation energy is
relatively small at 0.20 eV. In the limit of no spin-orbit coupling, however, the high-energy

antibonding state remains occupied and the transition state is higher by 0.47 eV. In compari-



son, the Cu(111) and Cu(110) surfaces have activation energies around 0.4 eV to 0.5 eV 41718
depending on the experimental or computational method used to estimate their value. Since
the low magnetization and high magnetization activation energies on Cu;s differ significantly,
and straddle those of bulk Cu surfaces, we conclude that Hy dissociation rates may depend

critically on the probability of a magnetization switch.

Figure 3: Top: minimum-energy pathways for Hy dissociation at fixed magnetization of 3 up
and 5 ug. The green-white-purple gradient indicates reaction progress, with the initial and
final states indicated by larger spheres. High curvature regions are marked with *. Bottom:
energy of key intermediates, with the adiabatic ground-state energy in bold; the zero of
energy is defined as the energy of the isolated Hy and Cuys at 5 pug.

To estimate this probability we ran 100 Born-Oppenheimer (BO) molecular dynamics

simulations to obtain typical dissociation trajectories along the adiabatic potential energy



surface. To ensure that each trajectory corresponds to Hs dissociation, we start the sim-
ulation at the transition state geometry and run time backward to the associated state.
Initial Hy kinetic energies ranged from 0.05 to 0.40 eV, and velocity directions were chosen
randomly. Since adiabatic dynamics are time-reversible, these initial conditions randomly
sample Hy-Cuy3 collisions which result in Hy dissociation. The time-dependent magnetiza-
tion for each trajectory exhibits the adiabatic magnetization switch from 3 ug to 5ug as
the H atoms recombine, involving the inversion of opposite-spin Kohn-Sham states shown in
Figure 2. Analyzing each trajectory can then produce an estimate of the probability Pz of

a magnetization switch using the Landau-Zener approximation (see SI for details):

5%/

Pz =1—exp(=2zl), T |2 (En(t) — Ei(1)))

(1)

where E,(t) and Ej(t) are the potential energies at high magnetization (5 up) and low mag-
netization (3 up), respectively, and ¢ = 8.15 meV is the experimentally observed Rashba
splitting for the Cu(111) surface.'® The spin-orbit splitting can be estimated from first-
principles using the DFT spin-orbit coupling Hamiltonian?® (§ ~ 12 meV, see SI), but
previous DFT calculations significantly overestimated the Cu(111) Rashba splitting!® so we
use the experimental value instead. Each randomized trajectory samples the denominator
in the expression for I" in eq 1 (see SI). Py varies significantly with Hy center of mass (CM)
velocities away from Cuyz at the avoided crossing as shown in Figure 4. The fitting equation
is derived by approximating the denominator of I', the crossing rate, as the CM velocity vew
away from the nanocluster multiplied by a scalar constant g, which is fitted to the data.
Overall the median probability and interquartile range for Pry is (6.2 + 1.4) %. Adiabatic
transition state theory therefore overestimates reaction rates by a factor of 1/P.y ~ 16.
Since the weak spin-orbit coupling of Cu and H hinders the magnetization switch and
hence reduces reaction rates, we now discuss several methods for improving the performance

of Cuy3 as a Hy dissociation catalyst. One approach is to excite nanoclusters to the lower
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Figure 4: Landau-Zener probabilities Ppy versus the Hy center of mass velocity vy away
from Cuy3. Open circles show results calculated from the 100 adiabatic molecular dynamics
trajectories. The minimum mean absolute error fit of the Landau-Zener formula is indicated
by the solid line.

magnetization state in advance of a Hy-Cuys collision. Such excitations would bypass the
hindered magnetization switch and decrease activation energies by destabilizing the isolated
nanocluster. Defining AFE. 4 to be the activation energy for Hy dissociation relative to isolated
Hy and Cuysz, we use AEERQ to refer to the Born-Oppenheimer limit where the system remains
in its electronic ground state, and AE7g to refer to the excited initial state. Both values are
shown for Cuyz and other clusters (discussed below) in Table 1. While AEES is 0.20 eV,
AFE%g is negative so Hy can dissociate over magnetically excited Cu;s at arbitrarily slow
collision velocities. These excitations could be induced using optical spin-flips and intense
irradiation to compensate for the weak spin-orbit coupling of Cu.?! Since the density of
states is discrete near the Fermi level for both spin directions, the incident optical spectrum
could be tuned to a narrow band around the exchange splitting of 0.47 eV (A ~ 2.7 um) to
specifically target the spin-flip excitation.

Another approach for improving catalytic rates is to modify the electronic structure of
Cuys so that a magnetization switch is no longer needed. The high activation energy for the
high magnetization state is caused by occupying the highest antibonding state as shown in

Figure 2. Depopulating this state using electron deficient clusters should result in activation



energies that vary less with magnetization. To address this possibility, we consider electron
deficient Cu clusters, Cujy, or clusters formed by substitution of a surface Cu atom by an
atom with fewer valence electrons, Cu;oNi and CuioPd. Isolated Pd atoms in particular have
been shown to facilitate Hy dissociation on bulk Cu surfaces.®?? All three electron-deficient
clusters we considered have magnetization of 4 ug in their ground state since one of the
majority-spin antibonding states is no longer occupied. To investigate the effect of Ni and
Pd substitution without changing the number of valence electrons, we also consider CuyoNi~
and CuyoPd™ anions with five valence electrons and ground-state magnetization of 5 ug. All
clusters have nearly icosahedral geometries and similar densities of states near the Fermi
level.

Table 1: Magnetization of the Isolated (m;) and Adsorbed (m.qgs) H2/Nanocluster
Systems, Adsorption Energy F,.qs, and Activation Energies Relative to the Gas
Phase (AFE1g) and Adsorbed Hy (AE,)

Cluster — m; Mags Faas AENSY AEEQ AE:y AE? AERC

Cuys 5 3 009 067 020 —005 072 029
Cu; 4 4 034 02 010 —0.11 063 043
CupNi 4 4 077 —054 —058 —071 023  0.18
CupNi— 5 3 069 —033 —0.60 —0.81 020  0.08
CupPd 4 4 053 =016 —0.19 —027 038  0.35

CuppPd™ 5 3 047 —-0.06 —-030 —-043 0.34 0.17
Energies are in eV, and magnetization values are in ug.

Table 1 summarizes the energetics of Hy dissociation on all six nanoclusters we con-
sidered. Hy adsorption only induces magnetization switches for clusters with five valence
electrons (Cuyz, CupaNi~, and CuoPd™). However, as H-Cu hybridization increases along
the minimum-energy pathway, clusters with ground state magnetization of 4 ug undergo
a corresponding switch from 4 ug to 2 ug before reaching the transition state. Therefore
the transition states for all six clusters have lower magnetization than their corresponding
ground states by 2pug. Similar to bulk Cu surfaces, Ni and Pd dopants increase the Hy
adsorption energy while reducing the activation energy; all four clusters with substituted

Cu atoms have lower activation energy than desorption energy so Hs dissociation can pro-
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ceed from both thermal activation and gas phase collisions. To distinguish between these
possibilities, we use AE, for activation energy relative to the adsorbed state, and AE g
for the activation energy relative to isolated Hy and the nanocluster. Superscripts indicate
the relevant magnetic limits: 6 — 0 for the zero spin-orbit coupling limit, and BO for the
adiabatic limit following the Born-Oppenheimer approximation. Cu;aNi and CuoNi™ have
the lowest activation energy regardless of the magnetization state.

As expected, electron-deficient clusters exhibit smaller changes in AE, and AE¢ with
respect to magnetization (see Table 1). For example, AESS'—AEED is 0.47 eV for Cuys,
but only 0.19 eV for Cuf;. The adiabatic activation energy for all clusters is lower than
the 6 — 0 “fixed magnetization” limit, so adiabatic transition state theory overestimates Hy
dissociation rates for all six clusters. Magnetization differences in AE ¢ are most important
for Cuy3 and Cuj; where Hy dissociation mostly proceeds from collisions, while differences in
AF), are more important for clusters with substituted Cu atoms where thermally activated
H, dissociation is likely.

Finally, we consider using co-catalysts to improve the performance of Cuy3 in Hy dissoci-
ation. One particularly simple strategy is to consider Hy as its own co-catalyst: Hy adsorp-
tion can induce the hindered magnetization switch for the dissociation of a subsequent H,
molecule. This approach is feasible since Hy grows more stable with increasing coverage. The
adsorption and activation energy for increasing Hy coverages is shown in Table 2, where E;ﬁi
is the incremental adsorption energy of the & H, molecule on (k — 1)Hy/Cuyz. 2Hy/Cuys
has the highest incremental adsorption energy and should therefore be the most common
complex at equilibrium. Adsorption and transition-state geometries still have ground-state
magnetization of 3 up except for Hy dissociating over the 2Hs/Cuys complex, where the
magnetization is 1 up due to further increases in H-Cu hybridization. We also find that
the most common 2H,/Cu,3 arrangement produces the lowest AEES value of only 0.01 eV.
Although a switch from 3 ug to 1 ug becomes necessary, the corresponding Pz is likely more

than offset by the large 0.2 eV decrease in the activation energy. This signficant decrease
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in activation energy with coverage suggests that hydrogen dissociation might be observed
experimentally on Cuy3 nanoclusters using a combination of low temperatures, improving
the stability of weakly adsorbed Hy molecules,® and high H, pressures. In contrast, previous
experimental work®” may not have observed D,-Cu;3 interactions due to using low pressures
(below 50 Torr) and high temperatures (near 300 K) relative to the adsorption energy of Hs.

Table 2: Incremental Adsorption Energies ngl)s and Activation Energies AE&%

for Multiple H, Adsorption on Cu;z

2 ),0=0 %),BO
ko BS AER AEY
1 0.09 0.67 0.20
2 0.30 0.21 0.21
3 0.15 0.23 0.01

Energies are in eV, and the most stable arrangement and most common AFE ¢ values are
shown in bold.

In conclusion, we investigated the catalytic behavior of Cuys clusters for Hy dissociation
and demonstrated that magnetization and spin-orbit coupling play an important role in this
reaction. A combination of high symmetry in the cluster geometry and quantum size effects
give Cuyz a large magnetic moment leading to magnetization-dependent catalytic behavior.
The most favorable reaction pathway requires a magnetization switch, which is hindered by
the weak spin-orbit coupling of H and Cu. The corresponding probability Pz =~ 6.2% of
a magnetization switch means that adiabatic transition state theory overestimates reaction
rates for the Hy/Cuys system by a factor of 1/P; ~ 16. Therefore magnetization presents
a new challenge for designing nanoscale catalysts for Hy dissociation and hydrogenation.
This magnetization dependence also offers new opportunities to control catalyst behavior by
changing magnetic states. For example, ground-state Cu;3 features a substantial collisional
activation energy of 0.20 eV, but we predict that excited Cu;3 which has lower magnetization
will facilitate Hy dissociation at arbitrarily slow collision velocities. The magnetization switch
could be induced by optical spin-flip excitations. Appropriately designed catalysts with
controllable magnetization, for example using optical or magnetic fields, could provide new

ways to control catalyst activity without altering more conventional reaction parameters
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such as temperature, pressure, and reactant composition.
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